1. Introduction {#sec1-cancers-12-01583}
===============

Cutaneous melanoma is a cancer of melanocytes, the pigment producing cells of the skin. The global incidence of cutaneous melanoma is consistently rising, and Australia has one of the highest rates of melanoma incidences worldwide, with an estimated 15,000 new cases in 2019 (Cancer in Australia 2019: Australian Institute of Health and Welfare). Genetic, host and environmental risk factors have been associated with melanoma incidence. The major environmental risk factor for cutaneous melanoma, is ultraviolet (UV) radiation especially with intermittent patterns of sun exposure \[[@B1-cancers-12-01583],[@B2-cancers-12-01583]\]. Increased number of melanocytic nevi (moles) and fairness of skin are important host risk factors \[[@B3-cancers-12-01583],[@B4-cancers-12-01583]\], and although there is not a strong genetic link, polymorphisms of the melanocortin 1 receptor gene, that are responsible for the different human skin-color phenotypes leads to heightened sensitivity to UV and thus increased susceptibility to cutaneous melanoma \[[@B5-cancers-12-01583]\]. Excess body weight has been identified as a risk factor for many types of cancers \[[@B6-cancers-12-01583],[@B7-cancers-12-01583]\], however the association with cutaneous melanoma incidence is not as strong \[[@B7-cancers-12-01583],[@B8-cancers-12-01583],[@B9-cancers-12-01583],[@B10-cancers-12-01583],[@B11-cancers-12-01583]\]. The discrepancies between these studies may stem from several confounding factors including gender \[[@B8-cancers-12-01583],[@B10-cancers-12-01583],[@B12-cancers-12-01583],[@B13-cancers-12-01583]\], menopausal state \[[@B14-cancers-12-01583]\] and UV exposure \[[@B15-cancers-12-01583],[@B16-cancers-12-01583]\], a clear major driver of cutaneous melanoma \[[@B17-cancers-12-01583]\]. In contrast, several recent studies have indicated that increased body fat is associated with improved survival outcomes in targeted- and immune- therapy treated melanoma patients \[[@B13-cancers-12-01583],[@B18-cancers-12-01583],[@B19-cancers-12-01583],[@B20-cancers-12-01583],[@B21-cancers-12-01583]\]. This review will address the impact of body fat on cutaneous melanoma and current systemic treatments with a focus on cell signalling, metabolism and the immune microenvironment.

2. Impact of Body Fat on Melanoma Growth, Metastasis and Cell Signaling Pathways {#sec2-cancers-12-01583}
================================================================================

The exact molecular mechanisms associated with obesity that lead to cancer development or changes in patient outcomes are not completely understood \[[@B22-cancers-12-01583]\]. Obesity is associated with significant metabolic and endocrine abnormalities, including increased blood levels of growth factors such as insulin, insulin-like growth factor-1 (IGF-1) and leptin that can promote tumor cell growth and survival ([Figure 1](#cancers-12-01583-f001){ref-type="fig"}). Furthermore, there is a growing body of evidence that adipocytes (fat cells) via directly influencing cancer cell metabolism promote tumor growth \[[@B23-cancers-12-01583]\] and cytokines released due to obesity induced chronic low-level inflammation also promotes cancer cell proliferation and survival \[[@B24-cancers-12-01583]\].

In melanoma, obesity is associated with worse outcomes after resection \[[@B11-cancers-12-01583]\] and increased Breslow thickness, which is a prognostic factor in primary melanoma \[[@B25-cancers-12-01583]\], indicating that obesity may be associated with disease aggressiveness. In preclinical melanoma mouse models diet induced obesity increases tumor growth and metastatic spread \[[@B26-cancers-12-01583],[@B27-cancers-12-01583],[@B28-cancers-12-01583],[@B29-cancers-12-01583]\] supporting a role of obesity in promoting melanoma progression. The mechanisms behind the obesity induced increase in melanoma aggressiveness are not completely clear and are probably multifactorial. Adipocytes are lipid-rich, highly secretory cells that release lipids, chemokines, inflammatory factors and adipokines including leptin \[[@B30-cancers-12-01583]\], all of which could impact on melanoma progression. Clinical data suggest that leptin has a role in both melanoma growth \[[@B31-cancers-12-01583]\] and metastasis \[[@B32-cancers-12-01583]\] and this is supported in preclinical studies in which leptin was found to increase melanoma cell proliferation and tumor growth \[[@B33-cancers-12-01583],[@B34-cancers-12-01583],[@B35-cancers-12-01583]\]. Many growth factor receptors are expressed on melanoma cells including receptors for insulin and IGF-1, two key growth factors increased in obese patients. Expression of these receptors correlate with melanoma progression \[[@B36-cancers-12-01583]\] and in preclinical melanoma models they can promote melanoma cell proliferation, survival and migration \[[@B37-cancers-12-01583],[@B38-cancers-12-01583],[@B39-cancers-12-01583]\]. Thus, both preclinical and the limited clinical studies implicate obesity associated growth factors as having the potential to promote melanoma growth and metastasis.

3. Impact of Body Fat on Melanoma Metabolism {#sec3-cancers-12-01583}
============================================

Cell intrinsic alterations in metabolism are a hallmark of many cancers, including melanoma. While initial studies focused on changes in aerobic glycolysis first identified by Otto Warburg, a growing body of evidence now supports critical roles for other metabolic pathways, including fatty acid synthesis and oxidation \[[@B40-cancers-12-01583]\]. Fatty acids form the structural foundation of cellular and organelle membranes, thus proliferating cells require a large supply of fatty acids to form these structures. The rate limiting step of fatty acid synthesis is catalyzed by fatty acid synthase (FASN), and upregulation of FASN can allow adequate production of the phospholipids to meet the requirements of proliferating cells \[[@B41-cancers-12-01583]\]. FASN expression correlates with poor prognosis in cutaneous melanoma \[[@B42-cancers-12-01583]\], and inhibition of FASN reduces proliferation of B16--F10 melanoma cells in vitro \[[@B43-cancers-12-01583]\] and reduces incidence of metastasis in vivo \[[@B44-cancers-12-01583]\]. In normal tissue, FASN is positively regulated by insulin and hormones such as estrogen and progesterone via induction of the sterol regulatory element-binding protein 1c (SREBPC1c) transcription factor, and is negatively regulated by leptin in response to free fatty acids \[[@B41-cancers-12-01583],[@B45-cancers-12-01583],[@B46-cancers-12-01583]\]. In the context of melanoma, and indeed many other tumor types, SREBPC1c, and consequently FASN expression, is constitutively driven by the mitogen-activated protein kinase (MAPK) and phosphoinositide-3-kinase (PI3K) signaling pathways \[[@B41-cancers-12-01583],[@B45-cancers-12-01583]\]. How increased levels of body fat and obesity, that are frequently associated with alterations in insulin and leptin dependent signaling, influence these signaling networks in the context of melanoma progression is unknown. Further to FASN, multiple genes associated with fatty acid metabolism including lipogenesis and fatty acid oxidation are upregulated in melanomas relative to benign nevi \[[@B47-cancers-12-01583]\]. One of the most significantly upregulated genes in this dataset was carnitine palmitoyltransferase 2 (CPT2) the enzyme critical for translocation of long-chain fatty acids in preparation for β-oxidation. Whilst suggestive of an important role for fatty acid oxidation (FAO) in melanoma progression, the mechanisms underpinning this relationship remain unclear, and the effect of body fat on this association is untested. However, it is predicted that increased fatty acid supply and oxidation can boost cellular ATP under nutrient poor conditions, such as those experienced by metastasizing cancer cells. Together these studies hint at potential cell intrinsic mechanisms that may underpin the relationship between melanoma aggressiveness and obesity and warrant further investigation.

More recently cell extrinsic factors such as adipocyte-derived lipids have been uncovered as a potential fuel source that can also drive melanoma progression \[[@B48-cancers-12-01583],[@B49-cancers-12-01583]\]. Advanced, metastatic melanomas frequently grow in subcutaneous tissues that are largely composed of adipocytes. Kwan and colleagues \[[@B48-cancers-12-01583]\] initially found that co-culture of melanoma cells with adipocytes isolated from inguinal adipose tissue in mice facilitated palmitic acid uptake by melanoma cells that stimulated an AKT-dependent increase in melanoma cell proliferation, thus linking cell extrinsic adipocyte derived lipids and cancer cell intrinsic signaling. These observations have recently been extended to in vivo models, whereby stromal adipocytes can directly transfer lipids to melanoma cells via the fatty acid transporter protein (FATP; also known as solute carrier family 27, SLC27A) family ([Figure 2](#cancers-12-01583-f002){ref-type="fig"}) that are over expressed in subsets of melanoma patients \[[@B49-cancers-12-01583]\]. This process can actively promote melanoma invasion and growth, as evidenced by reduced melanoma lipid uptake, invasion and growth following inhibition of FATPs with the small-molecule inhibitor Lipofermata. Further linking lipid uptake from adipocytes with oncogenic signaling in melanoma cells, melanocyte-specific FATP1 expression can cooperate with expression of the BRAF^V600E^ oncogene to accelerate melanoma development in transgenic zebrafish and mouse xenograft studies \[[@B49-cancers-12-01583]\]. Interestingly, a high-fat ketogenic diet can also interact with the BRAF^V600E^ oncogene to promote tumor growth in human melanoma cells implanted into mice \[[@B50-cancers-12-01583]\]. Mechanistically, increased serum levels of acetoacetate are observed in mice on a high fat ketogenic diet, and this metabolite can selectively enhance BRAF^V600E^ mutant-dependent mitogen activated protein kinase kinase (MAP2K; MEK1) activation \[[@B51-cancers-12-01583]\] ([Figure 2](#cancers-12-01583-f002){ref-type="fig"}). This study provides compelling evidence of how cell extrinsic factors such as a high fat diet can directly influence cell-intrinsic signaling pathways, however, how this signaling axis operates in the context of excess body fat still requires investigation. Clinical evidence of a role for lipid uptake in melanoma progression comes from analysis of the Cancer Genome Atlas (TCGA) melanoma patients, whereby Nath and Chan identified a gene signature that included fatty acid uptake genes caveolin-1 (CAV1) and cluster of differentiation 36 (CD36), and the fatty acid oxidation gene carnitine palmitoyltransferase 1C (CPT1C), that predicts significantly worse overall survival in melanomas enriched for this signature \[[@B52-cancers-12-01583]\]. Supporting this clinical observation, depletion of CD36 reduces propensity of melanoma cells to metastasize in immune compromised mice \[[@B53-cancers-12-01583]\]. Notably, at least in the context of oral carcinoma, palmitic acid or a high-fat diet specifically boosts metastatic potential of CD36^+^ metastasis-initiating cells in a CD36-dependent manner, suggesting that metastasis-initiating cells may rely on dietary lipids to promote metastasis. However, this specific association between dietary fat, CD36 and metastasis remains to be tested in melanoma.

Cross talk between adipocytes and melanoma cells can also occur across more distant proximities via adipocyte-derived exosomes that carry proteins and substrates utilised as fuel that drive fatty acid oxidation, and thereby influence melanoma cell metabolism \[[@B54-cancers-12-01583]\] ([Figure 2](#cancers-12-01583-f002){ref-type="fig"}). Intriguingly, in the context of obesity, adipocytes secrete more extracellular vesicles (EV), and exposure of melanoma cells to these EVs further potentiates effects on melanoma migration when compared to EVs isolated from non-obese counterparts. Mechanistically, the heightened effect of EVs in the context of obesity appears dependent on increased access to fatty acid fuels, rather than differences in FAO related proteins \[[@B55-cancers-12-01583]\]. These studies clearly demonstrate additional ways that adipocytes within the tumor microenvironment, and also beyond, can influence melanoma cell intrinsic metabolism, and might in part explain why some obese melanoma patients experience a more aggressive disease than their non-obese counterparts.

4. Impact of Body Fat on the Melanoma Immune Microenvironment {#sec4-cancers-12-01583}
=============================================================

Cutaneous melanoma is the most highly mutated malignancy \[[@B56-cancers-12-01583]\] resulting in the generation of novel epitopes which contribute to its immunogenicity and the success of immunotherapy for its treatment \[[@B57-cancers-12-01583],[@B58-cancers-12-01583],[@B59-cancers-12-01583],[@B60-cancers-12-01583]\]. However, predicted neoantigen load does not correlate with T cell infiltration in melanoma \[[@B61-cancers-12-01583]\] and is not a robust predictor of immunotherapy efficacy \[[@B62-cancers-12-01583]\], suggesting that additional factors determine T cell responses. Melanomas that progress have likely escaped immune control. Tumor immune escape is the final phase in the immunoediting process, with elimination and equilibrium being the preceding phases \[[@B63-cancers-12-01583]\]. During these phases, tumor immunogenicity is edited, and immunosuppressive mechanisms enable disease progression. The elimination phase involves tumor cell recognition and killing and engages both innate and adaptive immune cells. Following this an equilibrium phase is reached in which tumor cells that have reduced immunogenicity and that can evade both immune recognition and killing are selected for \[[@B64-cancers-12-01583]\]. This selection process may involve the emergence of non-immunogenic rare clones that were always present in the tumor or clones that evolved mechanisms to evade immune surveillance. Such mechanisms include loss of antigen presentation or co-stimulatory molecules, expression of immune inhibitory molecules (Programmed death-ligand 1; PD-L1) or secretion of cytokines such as macrophage colony-stimulating factor (M-CSF), transforming growth factor β (TGF-β) and interleukin 10 (IL-10) \[[@B65-cancers-12-01583],[@B66-cancers-12-01583],[@B67-cancers-12-01583],[@B68-cancers-12-01583],[@B69-cancers-12-01583],[@B70-cancers-12-01583],[@B71-cancers-12-01583]\]. Tumor cells which have acquired resistance to immune mediated elimination then enter the escape phase, where tumor cell proliferation outweighs immune control leading to disease progression.

Obesity induces a chronic systemic inflammation state \[[@B72-cancers-12-01583]\] leading to changes in immune cell populations and impaired anti-tumor immune responses. Chronic inflammation compromise tumor immunosurveillance by significantly attenuating the number and activity of natural killer (NK) and NK-T cells \[[@B73-cancers-12-01583]\], and promotes further tumor progression by impairing dendritic cell (DC) function and subsequent activation of T cell responses \[[@B74-cancers-12-01583]\]. T cell number and diversity are also restricted in obesity due to thymic aging \[[@B75-cancers-12-01583],[@B76-cancers-12-01583]\] and T cell dysfunction is prominent as a result of the chronic inflammation \[[@B21-cancers-12-01583]\]. Obesity can also increase tumor infiltrating immune suppressor cells including macrophages and myeloid derived suppressor cells (MDSCs) \[[@B77-cancers-12-01583]\]. Moreover, adipose tissue generates pro-inflammatory factors, that impact on tumor cell proliferation and survival \[[@B78-cancers-12-01583]\]. Obesity not only induces an increase in tumor infiltration of MDSCs but also MDSC expression of PD-L1 thereby inhibiting anti-tumor responses and promoting tumor growth and metastasis \[[@B77-cancers-12-01583]\]. In a preclinical melanoma model diet induced obesity led to a leptin-dependent decrease in functional DCs and tumor infiltrating CD8+ T cells indicating impairment of an anti-tumor response \[[@B79-cancers-12-01583]\]. A recent study in a mouse melanoma model demonstrated that the frequency of CD8+ T cells expressing exhaustion markers (PD-1, TIM3 and LAG3) were significantly higher both at the tumor site and systemically in obese mice compared to their lean counterparts implicating leptin as the mediator \[[@B21-cancers-12-01583]\]. Further supporting a role of obesity-induced T cell exhaustion in melanoma is the increase in gene expression of inhibitory molecules PD-1, TIGIT, EOMES, TIM3 and LAG3 found in melanoma patients with a high body mass index (BMI) \[[@B21-cancers-12-01583]\]. Moreover, immunosuppressive cytokines and angiogenic factors such as vascular endothelial growth factor (VEGF) produced by melanoma cells, infiltrated macrophages, and adipose-derived stem cells have all been shown to promote melanoma growth \[[@B27-cancers-12-01583],[@B80-cancers-12-01583],[@B81-cancers-12-01583]\].

With respect to T cell intrinsic metabolism, T cell activation induces dramatic physiological changes associated with exponential proliferation required at the height of an immune response. To meet the energetic requirements of these new tasks T cells undergo metabolic reprograming in order to generate sufficient biomass and ATP \[[@B82-cancers-12-01583]\]. T cells exhibit a plethora of metabolic phenotypes depending on subclass and activation state. Activated CD4+ and CD8+ effector T cells upregulate glucose transporters and glycolytic enzymes to adopt a glycolytic phenotype, whilst CD8+ memory T cells catabolize fatty acids and utilize OXPHOS to produce ATP \[[@B82-cancers-12-01583]\]. Interestingly, modulation of fatty acid metabolism has been shown to enhance CD8+ memory T cell function \[[@B83-cancers-12-01583]\], however paradoxically, the fatty acid oxidation gene *CPT1A* has also been linked with T cell dysfunction, whereby CPT1A is upregulated in early stage exhausted T cells following viral infection \[[@B84-cancers-12-01583]\]. Interestingly, in this model of chronic lymphocytic choriomeningitis virus (LCMV) infection, alterations in CD8+ T cell metabolism occurred downstream of PD-1 and involved downregulation of the master regulator of mitochondrial metabolism, PGC1A. Demonstrating causality, ectopic expression of PGC1A was sufficient to partially reverse the observed metabolic alterations and enhanced function of exhausted CD8+ T cells, whilst T cell reinvigoration via anti-PDL1 reprogrammed metabolism in subsets of the exhausted T cells \[[@B84-cancers-12-01583]\]. In the context of diet-induced obese mice bearing melanoma, CPT1A is also upregulated in CD8+ T cells in association with other biomarkers of T cell exhaustion, and this appears to be mediated via leptin signaling as administration of leptin to leptin-deficient mice was sufficient to induce CPT1A expression in CD8+ T cell populations \[[@B21-cancers-12-01583]\]. Although the direct role of CPT1A mediated fatty acid oxidation in T cell exhaustion in the context of melanoma has not been specifically investigated, it is tempting to speculate that this axis may be exacerbated in obese versus non-obese melanoma patients and may contribute to melanoma progression due to increased levels of T cell exhaustion. Conversely, modulation of this axis may also represent an opportunity to enhance response to immunotherapies that exploit the PD-1/PDL-1 immune checkpoint.

There is a growing body of evidence that suggests the innate immune system has a memory component that allows these cells to respond more robustly to future challenges. This "innate immune memory" or "trained immunity" is mediated by epigenetic and metabolic reprogramming of innate immune cells \[[@B85-cancers-12-01583],[@B86-cancers-12-01583]\], and in contrast to adaptive immunity, the second challenge does not have to be the same as the first. In a recent study in mice, a Western-like diet induced systemic inflammation and reprogramed bone marrow myeloid progenitors resulting in trained immunity \[[@B87-cancers-12-01583]\]. The heightened inflammatory responses to subsequent innate immune stimuli persisted after the mice had been switched to a standard chow diet. Similarly, in obesity the persistent activation of adipose tissue macrophages is maintained even after weight loss \[[@B88-cancers-12-01583]\]. Thus, the chronic low-level inflammation associated with obesity is likely in part a function of trained immunity. How obesity induced trained immunity impacts on tumor cells is unknown. However, in melanoma \[[@B89-cancers-12-01583]\], as well as other cancers \[[@B90-cancers-12-01583],[@B91-cancers-12-01583]\] vaccination with Bacillus Calmette-Guerin (BCG) can lead to anti-tumor responses which are likely due to its capacity to induce trained immunity \[[@B92-cancers-12-01583]\], indicating that in some cases trained immunity may be beneficial.

5. The Impact of Body Fat on Melanoma Treatment {#sec5-cancers-12-01583}
===============================================

Immune checkpoint inhibitors and molecular targeted therapies directed against BRAF and MEK, two kinases in the mitogen activated protein kinase pathway (MAPK), have revolutionised melanoma treatment. With the discovery of the prevalence of a specific activating mutation in BRAF (V600) \[[@B17-cancers-12-01583]\] selective mutant BRAF inhibitors were developed. In parallel, immune checkpoint inhibitors that target two key immune inhibitory molecules, cytotoxic T-lymphocyte antigen 4 (CTLA4) and PD-1 were also developed. As described above obesity can impact tumor signaling pathways and the tumor immune microenvironment, in this section the impact of adipose tissue on these therapies will be discussed ([Table 1](#cancers-12-01583-t001){ref-type="table"}).

5.1. Targeted Therapy {#sec5dot1-cancers-12-01583}
---------------------

Currently, the standard-of-care for BRAF-mutant melanoma is an upfront combination of a BRAF and MEK inhibitor (BRAF/MEKi), of which there are three combinations approved by the Food and Drug Administration (FDA): dabrafenib/trametinib, vemurafenib/cobimetinib and encorafenib/binimetinib. This combinational therapy is highly tolerated and the initial response rates are remarkable with 90% of patients having some degree of response \[[@B93-cancers-12-01583]\] that is associated with rapid improvements in symptoms and improved survival \[[@B94-cancers-12-01583],[@B95-cancers-12-01583],[@B96-cancers-12-01583]\]. However, resistance to this therapy often develops leading to relapse and making long term disease control a challenge for most patients. The 5-year overall survival rates for the dabrafenib plus trametinib combination in BRAF mutant melanoma patients is 34% \[[@B94-cancers-12-01583]\].

The mutation in BRAF locks the kinase into an active conformation leading to constitutive activation of the MAPK pathway and as consequence increased cell growth, proliferation and survival ([Figure 1](#cancers-12-01583-f001){ref-type="fig"}). Resistance to BRAF and BRAF/MEK targeted therapies is thought to occur in two phases. The first phase is a drug tolerant state which involves reversible transcriptional and translational reprogramming leading to invasive mesenchymal phenotypic switch and metabolic changes \[[@B97-cancers-12-01583],[@B98-cancers-12-01583]\], followed by non-reversible drug resistance leading to tumor outgrowth. Multiple mechanisms result in resistance \[[@B99-cancers-12-01583]\] including reactivation of extracellular signal regulated kinase (ERK)-signaling, activation of the PI3K pathway and activation of a receptor tyrosine kinases (RTKs).

A recent study in metastatic melanoma patients demonstrated that obesity is associated with significantly improved responses to both targeted and immunotherapy in male but not female patients. At the 2-year mark, male obese patients on targeted dabrafenib and trametinib therapy had an overall survival of 64% compared to 35% in normal weight male patients with overweight patients falling in between. Furthermore, progression free survival was also improved, 15.7 months for obese individuals versus 9.6 months for normal \[[@B13-cancers-12-01583]\]. How obesity increases the efficacy of MAPK pathway targeted therapy in melanoma patients is unknown. Obesity leads to metabolic disturbances resulting in increased blood levels of insulin and IGF-1, a meta-inflammation state associated with elevated levels of circulating cytokines and adipocytes produce adipokines such as leptin and estrogen \[[@B100-cancers-12-01583]\]. Many of these factors activate pathways ([Figure 1](#cancers-12-01583-f001){ref-type="fig"}) that are associate with resistance to targeted therapy thus the obesity associated increase in BRAF/MEK targeted therapy efficacy is counterintuitive. Two receptors that may be activated in obesity and could explain the increased efficacy of targeted therapy in obese patients are liver X receptor (LXR) and G protein-coupled estrogen receptor (GPER). LXRs bind oxysterols, bioactive lipids derived from cholesterol, which are elevated in obesity \[[@B101-cancers-12-01583],[@B102-cancers-12-01583]\]. Activation of LXR and the subsequent induction of tumoral and stromal apolipoprotein-E (ApoE) decreases melanoma proliferation and metastasis and can increase the efficacy of vemurafenib, a BRAF inhibitor \[[@B103-cancers-12-01583],[@B104-cancers-12-01583]\]. Furthermore, LXR activation can directly decrease cell proliferation by increasing levels of the cell cycle inhibitor p27 and by inducing cholesterol efflux, which disrupts lipid rafts and thus receptor tyrosine kinase (RTK) \[[@B105-cancers-12-01583]\] and AKT signalling \[[@B106-cancers-12-01583]\], both of which are implicated in resistance to BRAF/MEK targeted therapy. GPERs are expressed on melanoma cells whereas classical estrogen receptors are not \[[@B107-cancers-12-01583]\]. Estrogen the activator of GPERs is elevated in obese male patients and postmenopausal women due to adipocyte aromatase activity \[[@B108-cancers-12-01583]\]. In melanoma activation of GPERs leads to depletion of the transcription factor c-MYC \[[@B109-cancers-12-01583]\] an oncogene that has been shown to be a convergence point for pathways conferring resistance to BRAF/MEK inhibitors \[[@B110-cancers-12-01583]\]. Thus activation of either LXRs and/or GPERs may counteract the emergence of resistance to BRAF/MEK targeted therapy delaying tumor progression and prolonging overall survival.

Treatment of BRAF^V600E^ melanoma cells with BRAF and MEK targeted therapies extensively reprograms cell intrinsic metabolism and this influences clinical response. During the initial phase of treatment, a dramatic decrease in glucose utilisation and glycolytic flux is observed \[[@B111-cancers-12-01583]\], and this correlates with clinical response in patients. Subsequently, an adaptive upregulation of oxidative mitochondrial metabolism occurs via the master mitochondrial transcription factor PGC1α that limits response to BRAF inhibition \[[@B112-cancers-12-01583]\]. Induction of oxidative phosphorylation and mitochondrial biogenesis biomarkers has been identified in 30--50% of BRAF^V600E^ melanomas with both de novo and acquired resistance to MAPK pathway inhibitors \[[@B113-cancers-12-01583]\], and inhibition of mitochondrial biogenesis eradicated intrinsically resistant cells and improved efficacy of MAPK pathway inhibitors \[[@B114-cancers-12-01583]\]. These data clearly demonstrate melanoma cell intrinsic metabolism influences response to targeted therapies, however, how changes in systemic metabolism and increased adiposity associated with obesity influences this relationship remains almost completely unexplored. One study has described a negative effect of adipocytes on targeted therapy response in melanoma cells in vitro \[[@B115-cancers-12-01583]\], and this effect was reversed upon inhibition of leptin signaling, however this observation in cell lines is contrary to the positive obesity/targeted therapy interaction observed in patients. Moreover, preclinical analysis of adipocyte crosstalk with BRAF^V600E^ signaling via the FATP/ SLC27A fatty acid transporters would be predicted to abrogate response of obese patients to MAPK pathway targeted therapies based on potentiation of BRAF^V600E^ driven melanoma progression by adipocyte-melanoma cell crosstalk \[[@B49-cancers-12-01583]\]. Similarly, increased dietary fat has a pathogenic role in BRAF^V600E^-expressing melanoma \[[@B50-cancers-12-01583]\] which would be predicted to blunt MAPK pathway targeted therapies.

Beyond cell intrinsic metabolism, alterations in systemic metabolism can influence patient responses to targeted therapies. In normal physiological settings, the PI3K pathway functions as a nutrient sensor and is activated by binding of insulin and IGF to cell-surface receptors. Systemic regulation of this pathway is altered in the setting of obesity, frequently manifesting in insulin resistance. This pathway is also frequently activated in many types of cancer, and PI3K pathway inhibitors are under investigation as a cancer treatment. Interestingly, efficacy of PI3K inhibitors appears to be limited due to systemic glucose-insulin feedback caused by targeted inhibition of the PI3K pathway, that is sufficient to reactivate PI3K signalling in tumor cells across multiple tumor models in mice \[[@B116-cancers-12-01583]\]. This insulin feedback can be prevented in the context of a high fat ketogenic diet to greatly enhance the efficacy of PI3K inhibition. Given PI3K signaling is associated with resistance to MAPK pathway targeted therapies in melanoma \[[@B117-cancers-12-01583]\], how systemic metabolic signaling via PI3K in the context of obesity influences MAPK targeted therapy response warrants further investigation. Another potential point of intersection between these signaling pathways and cell intrinsic and systemic metabolism, is regulation of the SREBPC1c transcription factor that controls lipid metabolism via targets such as FASN (discussed above). Under normal physiological conditions the SREBPC1c-FASN axis is positively regulated by insulin and negatively regulated by leptin in response to free fatty acids \[[@B41-cancers-12-01583],[@B45-cancers-12-01583],[@B46-cancers-12-01583]\]. Leptin has been linked with the positive obesity/targeted therapy association in melanoma patients, but whether the SREBPC1c-FASN axis plays a role in this association is unknown. Notably, SREBPC1c is also subject to regulation by progesterone and estrogen thus systemic regulation of SREBPC1c mediated metabolism may potentially contribute to observed sex-based differences in the positive effects of obesity on targeted therapy in melanoma patients.

Another critical aspect of targeted therapy response in melanoma patients is the upregulation of antigen expression and increased infiltration of T cells which is associated with tumor shrinkage \[[@B118-cancers-12-01583],[@B119-cancers-12-01583]\]. Interestingly, immune cell metabolism is directly linked with differentiation status and function in the context of anti-tumor immunity \[[@B120-cancers-12-01583],[@B121-cancers-12-01583]\], and emerging evidence now suggests that lipids released from adipocytes can be used as a fuel for immune cells and promote their differentiation \[[@B122-cancers-12-01583]\]. Flaherty and colleagues recently found that adipocytes release exosome-sized, lipid-filled vesicles that become a source of lipid for local macrophages that drive their differentiation, and notably, obese adipocytes release more of these lipid filled vesicles than non-obese adipocytes \[[@B122-cancers-12-01583]\]. It is therefore plausible to consider that increased release of lipids from adipocytes in obese versus non-obese melanoma patients can impact on targeted therapy induced immune responses by fueling immune cell populations. Interestingly, obese melanoma patients also respond better to immunotherapy (discussed below), however it is more difficult to reconcile this hypothesis with sex-based differences observed in the positive association between obesity and therapy.

5.2. Immunotherapy {#sec5dot2-cancers-12-01583}
------------------

There are currently seven FDA-approved immunotherapy options for melanoma that fall into two classes, oncolytic virus therapy and immune modulators, which includes the immune checkpoint inhibitors that block key immunological pathways that mediate tumor escape. Of these therapies the immune checkpoint inhibitors have shown excellent efficacy in melanoma with overall survival of 52% at 5-years when treated with a combination of ipilimumab, that targets CTLA-4 and nivolumab that targets PD-1 \[[@B60-cancers-12-01583]\]. CTLA-4 and PD-1 checkpoint inhibitors work via distinct mechanisms with a common outcome of enhancing anti-tumor T cell immunity. Anti-CTLA-4 de-represses antigen-cross presentation interactions between T cells and dendritic cells at the priming phase of T cell activation, while anti-PD-1 blocks inhibitory interactions between activated T cells and the tumor cells they target \[[@B124-cancers-12-01583]\]. However, severe toxicity is a major issue for approximately 60% of patients treated with combined immunotherapy \[[@B125-cancers-12-01583]\]. In melanoma there have been several recent clinical studies demonstrating a favorable association between a high body mass index and immune check point therapy \[[@B13-cancers-12-01583],[@B18-cancers-12-01583],[@B19-cancers-12-01583],[@B21-cancers-12-01583],[@B123-cancers-12-01583]\]. Ipilimumab (specific monoclonal antibody against CTLA-4) with \[[@B13-cancers-12-01583]\] or without chemotherapy \[[@B123-cancers-12-01583]\] led to significantly enhanced progression-free survival (PFS) and overall survival (OS), in overweight melanoma patients (BMI ≥ 25) when compared to normal-weight patients. This association was also observed with either PD1 or PD-L1 check point inhibitor therapy \[[@B13-cancers-12-01583],[@B18-cancers-12-01583],[@B19-cancers-12-01583]\], with two studies indicating that significant benefit is only in overweight male melanoma patients \[[@B13-cancers-12-01583],[@B18-cancers-12-01583]\].

The role of obesity in immune checkpoint therapy efficacy is not clear. Anti-PD-1 therapy is more efficacious in melanoma-bearing obese mice compared to their normal-weight counterparts \[[@B21-cancers-12-01583]\]. The improved response was associated with increased number and function of tumor infiltrating CD8+ T cells together with a decrease in PD-1 expressing T cells; indicating that anti-PD1 therapy overcame obesity-driven T-cell exhaustion. Increased leptin in the obese mice was implicated in mediating the PD-1 expression and T cell exhausted phenotype \[[@B21-cancers-12-01583]\]. In contrast, treatment response to CTLA-4 blockade was not improved in diet-induced obese mice, however when leptin was neutralized in this model an increase in the co-stimulatory molecule CD86 was observed as was the response to anti-CTLA therapy \[[@B79-cancers-12-01583]\]. In both models, leptin is implicated in inducing an immunosuppressive microenvironment by increasing PD-1 expression and decreasing immune-stimulatory molecules. The leptin induced increase in PD-1 expression on T cells allows for increased efficacy to anti-PD1 therapy but the down regulation of co-stimulatory molecules results in decreased anti-CTLA efficacy. However, the effects of leptin on the immune tumor microenvironment is likely to be more complex with its reported multiple effects on the regulation of both innate and adaptive immune responses \[[@B126-cancers-12-01583]\]. Furthermore, obesity also impacts on gut microbiome diversity \[[@B127-cancers-12-01583]\] which can play a role in response to immune checkpoint blockade efficacy in cancer including melanoma \[[@B128-cancers-12-01583],[@B129-cancers-12-01583]\].

The more favourable prognosis of female melanoma patients compared to males \[[@B10-cancers-12-01583],[@B130-cancers-12-01583],[@B131-cancers-12-01583]\] and the difference in response to immunotherapy observed between obese male and female melanoma patients implicates sex hormone status as a factor in outcome. The obvious candidate is estrogen that is produced by adipocytes, which is the main source of estrogen in males. Estrogen can also have direct effects on both innate and adaptive immunity \[[@B132-cancers-12-01583]\] and these may promote immunotherapy outcomes. As mentioned earlier classical estrogen receptors are not expressed on melanoma but GPERs are and when activated can drive melanoma differentiation and decrease MYC driven PD-L1 expression potentially increasing tumor susceptibility to T cell control \[[@B107-cancers-12-01583]\]. In mouse melanoma models activation of GPERs also synergizes with anti-PD1 therapy inducing tumor regression, infiltrating T cells, HLA expression and immune memory \[[@B109-cancers-12-01583]\].

6. Conclusions {#sec6-cancers-12-01583}
==============

Excess body fat is a complex metabolic disorder that can potentially impact on melanoma growth and immune surveillance at many levels. Why obese melanoma patients respond better to both targeted- and immune-therapy remains unclear. Many factors increased in obesity would promote melanoma growth and similar to the concept of "oncogenic addiction" this could make them more susceptible to targeted therapy. Similarly, the immune-suppressive microenvironment induced by obesity could confer greater sensitivity to immune checkpoint inhibitors. Many additional complex cellular processes induced in obesity may also impact on melanoma, including gender and the gut microbiome.
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![Signaling pathways activated by obesity-induced factors. Circulating factors increased in obesity can activate several signaling pathways that impact on cell growth, proliferation and survival through the regulation of both transcriptional factors and cellular proteins. RTK: receptor tyrosine kinase. GPER: G-protein coupled estrogen receptor. TF: Transcription factor. cAMP: Cyclic adenosine 3′,5′-monophosphate. PKA: protein kinase A. MITF: Microphthalmia-associated transcription factor. MYC: Myc Proto-Oncogene. RAF: RAF family of serine/threonine kinases. MEK: Mitogen-activated protein kinase kinase (also known as MAP2K). ERK: extracellular-signal-regulated kinase (also known as MAPK). PI3K: Phosphoinositide-3-kinase. AKT: Protein kinase B. JAK: Janus kinase. STAT: signal transducer and activator of transcription. LXR: The liver X receptor. RXR: retinoid X receptor. APOE: apolipoprotein E.](cancers-12-01583-g001){#cancers-12-01583-f001}

![Crosstalk between adipocytes and dietary fat with signalling and metabolism in melanoma cells. Dietary fat and adipocyte-derived lipids have been uncovered as a potential fuel source that can drive melanoma progression. Adipocytes directly transfer lipids to melanoma cells via the fatty acid transporter (FATP; also known as solute carrier family 27, SLC27A) family of proteins and via adipocyte-derived exosomes to promote fatty acid oxidation. Circulating lipids associated with a high-fat diet lead to increased serum levels of acetoacetate, a metabolite that selectively promotes interaction between the mutant BRAF^V600^ protein and MEK1, thereby promoting oncogenic signaling and tumor growth. BRAF: BRAF serine/threonine kinase. MEK: Mitogen activated protein kinase kinase (also known as MAP2K).](cancers-12-01583-g002){#cancers-12-01583-f002}
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The association of high body mass index with melanoma treatment.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference                      Cohort BMI kg/m^2^                          Immunotherapy                                                                                       Targeted Therapy                                          Chemotherapy
  ------------------------------ ------------------------------------------- --------------------------------------------------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------
  \[[@B13-cancers-12-01583]\]    Normal: \<25\                               Improved PFS and OS in obese melanoma cohort.\                                                      Improved PFS and OS in obese melanoma cohort.\            No association between BMI and clinical outcomes
                                 Obese: \>30                                 Improved PFS and OS in male obese patients.\                                                        Improved PFS and OS in male obese patients.\              
                                                                             No association in female obese patients.\                                                           No association in female obese patients.\                 
                                                                             (ipilimumab, pembrolizumab, nivolumab, or atezolizumab)                                             (dabrafenib + trametinib and vemurafenib + cobimetinib)   

  \[[@B19-cancers-12-01583]\]    Normal: 18.5--24.9 Overweight/obese: \>25   Improved PFS and OS in obese melanoma cohort\                                                       N/A                                                       N/A
                                                                             (anti-PD-1/PD-L1 inhibitors)                                                                                                                                  

  \[[@B123-cancers-12-01583]\]   Normal: 18.5--25 Overweight/obese: 25--35   Significantly higher response rate and a trend for longer OS in overweight/obese melanoma cohort\   N/A                                                       N/A
                                                                             (Ipilimumab)                                                                                                                                                  

  \[[@B21-cancers-12-01583]\]    Normal/overweight: ˂30\                     Improved PFS and OS in a cohort of obese advanced cancer patients including melanoma\               N/A                                                       N/A
                                 Obese: ≥30                                  (anti-PD-1/PD-L1 inhibitors)                                                                                                                                  

  \[[@B18-cancers-12-01583]\]    Normal: 18.5--25 Overweight/obese: 25--35   Improved PFS and OS in overweight/obese melanoma cohort.\                                           N/A                                                       N/A
                                                                             Association was predominantly driven by males\                                                                                                                
                                                                             (pembrolizumab, nivolumab, or nivolumab plus ipilimumab)                                                                                                      
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: BMI, body mass index. PFS, Progression free survival. OS, Overall survival. PD-1, Programmed cell death protein 1. PD-L1, Programmed death-ligand 1. N/A, not applicable.
